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Abstract: Superhydrophobic surfaces have attracted extensive attention over the last few decades. 12 
It is mainly due to their capabilities of providing several interesting functions such as self-cleaning, 13 
corrosion resistance, anti-icing and drag reduction. Nanosecond pulsed laser ablation is considered 14 
as a promising technique to fabricate superhydrophobic structures. Many research proved that 15 
machined surface morphology has a significant effect on the hydrophobicity of specimen. 16 
However, few quantitative investigations were conducted to identify effective process parameters 17 
and surface characterization parameters for laser-ablated microstructures which are sensitive to the 18 
hydrophobicity of microstructured surface. This paper proposed and reveals for the first time, the 19 
ȱȱȱȱȱęȱȱȱȱ¢ȱȱȱ20 
experimental investigation and statistical analysis. The results of correlation analysis showed that a 21 
newly proposed dimensionless functional parameter in this paper, Rhy i.e. the average ratio of Rz to 22 
Rsm is the most sensitive surface characterization parameter to the water contact angle of 23 
specimen, which can be regarded as the product fingerprint. It also proposes another new process 24 
parameter, average laser pulse energy per unit area of specimen (IsǼǰȱȱȱȱȱęȱ25 
which can be used to control the product fingerprint Rhy. The threshold value of Rhy and Is are 0.41 26 
and 536 J/mm2 respectively, which help to ensure the superhydrophobicity (contact angle larger 27 
than 150°) of specimen in laser ablation process. Therefore, the process and product fingerprints 28 
overcome the research challenge of the so-called inverse problem in manufacturing as they can be 29 
used to determine the required process parameters and surface topography according to the 30 
specification of superhydrophobicity. 31 
Keywords: Laser ablation; Superhydrophobic surface; Process fingerprint; Product fingerprint; 32 
Surface morphology. 33 
 34 
1. Introduction 35 
Superhydrophobic surfaces are defined as those having water contact angle larger than 150° 36 
and sliding angle less than 10°. Artificial superhydrophobic surfaces, created by surface structuring 37 
or coating, have received tremendous attention in recent years. It is mainly due to their capabilities 38 
of providing several interesting functions such as self-cleaning, corrosion resistance, anti-icing and 39 
drag reduction [1Ȯ6]. Surface chemical composition and morphology are two critical factors in 40 
determining their hydrophobicity [7Ȯ9]. The surface chemical composition affects the intrinsic 41 
contact angle, which can be measured by a liquid droplet deposited on a smooth surface. However, 42 
in artificial or natural materials, the maximum intrinsic contact angle is only approximately 120 ° 43 
[8,9]. For this reason, more and more structuring technologies have been developed for the 44 
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fabrication of superhydrophobic surfaces, including wet chemical reaction, lithography, rolling, 3D 45 
printing, micro milling and laser ablation [2,6,10Ȯ15] etc.  46 
Recently, laser ablation process has been demonstrated as a promising technique to fabricate 47 
superhydrophobic structures on varied materials, such as copper, aluminium, steel and glass [16Ȯ48 
27]. Yang et al. investigated the wettability transition mechanism of laser ablated aluminium 49 
substrate, the results indicated that laser-ablated microstructures had the amplified effects on the 50 
hydrophobicity of specimen [27]. Long et al. reported the effect of the laser pulse energy and width 51 
on the morphology of micro/nanostructures on a copper surface. They found that the morphology of 52 
the laser ablated structures is more sensitive to the laser pulse energy when nanosecond lasers with 53 
long pulse widths are used. Slightly decreasing the laser pulse energy results in the formation of no 54 
hierarchical micro- and nanostructures [21,22]. Gregorcic et al. fabricated a 316L stainless steel 55 
ȱ ȱȱȱȱśŖȱ“gȱȱȱȱ ȱȱŖǯŜȱȱȱşŝƖȱȱȱȱȱ56 
achieved a static contact angle of 153° [18]. Long and Gregorcic both reported that variation of pitch 57 
of channels resulted in completely different surface morphologiesȯfrom the highly porous surface 58 
to well-separated microchannels, which width and depth depend on laser fluence [18]. Duong Ta et 59 
al. concluded that surface roughness could be well controlled by laser power. The arithmetical mean 60 
height, Sa increased linearly when laser fluence was higher than 33 J/cm2. The roughness was 61 
around 2 and 7 times larger than that of the untextured surface under fluences of 36 and 48 J/cm2, 62 
respectively [26]. In addition, the effect of laser fluence and line separation on contact angle of laser 63 
structured surfaces were investigated. Experimental results showed that the specimens possess 64 
superhydrophobicity has pitches of 50-ŗśŖȱ“gȱȱȱȱȱȱȱȱřŜȱȦ2 [26]. M. 65 
Conradi discovered that higher line density resulted in a higher contact angle. However, the average 66 
surface roughness Sa increased first then further decreased gradually with the increase of line 67 
density [28]. Thus, these researches have indicated that the laser machining parameters would 68 
significantly influence the hydrophobicity of the specimens while surface topography is a crucial 69 
factor to determine the superhydrophobicity of the specimen. However, there has been little 70 
systematic research exploring the correlation between surface topography and hydrophobicity of 71 
specimen. Furtherly, the second challenge is to find out the most effective process parameter and 72 
surface characterization parameter for these microstructures which are sensitive to the 73 
hydrophobicity of microstructured surface. 74 
ȱ ęȱȱȃȱȱȱ Ȅȱȱ ȱȱȱ ȱȱȱ75 
solution to solve the ȱ ǯȱ ȱ ȱ ȱ ȃȱ Ȅȱ ȱ ȱ ȱ ȱ76 
measurable characteristics (e.g., surface characterization parameters) on the laser ablated specimen 77 
that, if kept under control and within specifications, will ensure that the specimen possesses 78 
¢¢ȱȱǯȱȱȱęȱȱȱȱȱȱȱȱȱ79 
process parameters, hence it can be well-controlled by process parameters. For laser ablation 80 
process, since the surface characterization parameters are highly related to laser machining 81 
ǰȱȱȃȱȄȱȱȱȱȱȱȱȱȱȱȱȱ82 
order to maintain the manufacture of specimen within the specified surface characterization 83 
parameters. The proȱ ȱȱęȱ ȱȱused as an objective function within an 84 
optimization tool to assist to determine the required surface topography and process parameters for 85 
superhydrophobic surface. 86 
 The purpose of this paper is to reveal the product anȱ ȱ ęȱ ȱ ȱ ȱ87 
ablation process of superhydrophobic surfaces on 316L stainless steel. A more generalized 88 
description can be achieved by linking laser machining parameters, surface characterization 89 
parameters and hydrophobicity of specimen, which is beneficial to precise control of hydrophobicity 90 
ȱ ¢ȱ ȱ ȱ ǯȱ ǰȱ ȱ ȱ ȱ ęȱ ȱ91 
expected to provide a solution to the so-called inverse problem in manufacturing, which means the 92 
laser machining parameters and surface characterization parameters can be determined according to 93 
the required hydrophobicity i.e. contact angle. Firstly, analysis of potential process and product 94 
fingerprint candidates will be carried out. Then, the most appropriate product fingerprint will be 95 
determined from values of Spearman and Kendall rank correlation coefficients according to the 96 
Micromachines 2019, 10, x FOR PEER REVIEW 3 of 17 
 
experimental results. Thirdly, a new process parameter will be put forward and chosen as the best 97 
ȱęǯȱ¢ǰȱthe correlation between process fingerprint and functional performance 98 
i.e. contact angle will be explored. 99 
2. Analysis of process and product fingerprints 100 
Figure 1 illustrates the concept of process and product fingerprints in the laser ablation process 101 
for obtaining superhydrophobic surface with array of Gaussian holes of designed geometry. The 102 
comparison of all the potential candidates of process and product fingerprints will be discussed in 103 
detail later. Most research performed to date has focused on the Correlation A. i.e., the effect of laser 104 
machining parameters on the contact angle of specimens. However, Correlation A is actually 105 
composed of Correlation B and C. Correlation B refers to the relationship between contact angle and 106 
product fingerprint, which is used to explain the underlying mechanism of effect of surface 107 
topography on hydrophobicity. And Correlation C can describe the relationship between the process 108 
fingerprint and product fingerprint to explore how the process parameters affect the surface 109 
topography. Thus, product fingerprint is a bridge to connect process parameters and functional 110 
performance-contact angle. 111 
 112 
Figure 1. Concept of process and product fingerprints in laser ablation of superhydrophobic surface. 113 
2.1 Analysis of process fingerprint candidates: laser power, exposure time, laser pulse energy per unit area of 114 
specimen 115 
Laser power P 116 
In a nanosecond pulsed laser ablation process, the absorbed energy from the laser pulse melts 117 
the stainless steel and heats it to a temperature at which the atoms gain sufficient energy to enter into 118 
a gaseous state. Due to the vapour and plasma pressure, the molten materials are partially ejected 119 
from the cavity and form surface debris. At the end of a pulse, the heat quickly dissipates into the 120 
bulk of the work material and recast layer are formed. Therefore, laser power is a good candidate of 121 
process fingerprint as it determines the laser fluence which directly affects the formation of 122 
microstructures. The relationship between laser power, pulse repetition rate and peak power can be 123 
expressed as: 124 
Laser power Duration time
Gaussian holes
Process Fingerprint Candidates
Pattern design
Sa Sz
Product Fingerprint Candidates
Sdr
Contact angle
Functional performance
Sku Sdq Rz/Rsm
Correlation A
Correlation B
Is
Correlation C
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ܧ௣ ൌ ௉௙೛                                       (1) 125 ௣ܲ௘௔௞ ൌ ா೛ ?ఛ                                     (2) 126 
where P is laser average power, fp is pulse repetition rate, Ep is the energy of a single pulse, Ppeak is the 127 
peak power of laser and  ?  ߬ is the pulse duration, respectively. 128 
Exposure time t 129 
For substrate with periodic Gaussian holes generated by the laser ablation process, the 130 
exposure time t means the machining time for a single Gaussian hole, which determines the number 131 
of laser pulses that irradiated the surface. It has a significant effect on the dimension and 132 
morphology of Gaussian holes. As shown in Figure 2, the relationship between the number of 133 
irradiated pulse N and exposure time t can be expressed as: 134  ൌ ୲୘                                      (3) 135 
where T is the pulse period. 136 
Laser pulse energy per unit area of specimen Is 137 
Is means the average laser pulse energy irradiated on a unit area of specimen. This parameter 138 
depends on pulse repetition rate fp and exposure time t. It can be expressed as: 139 ܫ௦ ൌ ୲כ௙೛כா೛ሺ ైౌ౟౪ౙ౞ሻమ୐మ                                  (4) 140 
According to Equation (1), ௣݂ כ ܧ௣ ൌ ܲ, hence Equation (4) can be simplified as: 141 ܫ௦ ൌ ୲כ௉୔୧୲ୡ୦మ                                    (5) 142 
where pitch is the distance between adjacent Gaussian holes, and L is the length of specimen. 143 
 144 
Figure 2. Schematic of periodic Gaussian holes machined by laser ablation process. 145 
2.2 Analysis of product fingerprint candidates: Sa, Sz, Sku, Sdr, Sdq, Rhy 146 
In literature, two typical models have been developed to describe the behaviour of a droplet on 147 
rough surfaces, i.e. the Wenzel and Cassie-Baxter models.[29,30]. According to the Wenzel model, 148 
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the droplet maintains contact with the structures and penetrates the asperities, and the surface 149 
contact area is increased. In addition, the contact angle Όw can be described as: 150 
               ߠ௪ ൌ ݎߠ                                   (6) 151 
                   ݎ ൌ ୟୡ୲୳ୟ୪ୱ୳୰୤ୟୡୣୟ୰ୣୟ୮୪ୟ୬ୟ୰ୟ୰ୣୟ                                  (7) 152 
where, r is the roughness factor, which defined as the ratio of actual area of the solid surface to the 153 
planar area. Όȱis the intrinsic contact angle of the material. 154 
Alternatively, according to the Cassie-Baxter model, the droplet is not able to penetrate the 155 
microstructure spaces. However, in order to ensure the droplet cannot contact with the bottom of 156 
the microstructures, so the sag in height of water droplet between microstructures should be 157 
smaller than the depth of microstructures. Moreover, deep microstructures will help to form stable 158 
air pockets under the water droplet. And stable air pockets underneath the water droplet help the 159 
formation of superhydrophobicity with strong resistance against transition to the Wenzel state. 160 
Hence, sufficient depth of microstructure is essential to realize CassieȮBaxter state of the water 161 
droplet. The static contact angle ΌCB can be expressed as: 162 ߠ஼஻ ൌ െ ? ൅ ݂ሺ ? ൅ ߠሻ                           (8) 163 ݂ ൌ ୟୡ୲୳ୟ୪ୱ୭୪୧ୢୟ୬ୢ୪୧୯୳୧ୢୡ୭୬୲ୟୡ୲ୟ୰ୣୟ୮୪ୟ୬ୟ୰ୟ୰ୣୟ                          (9) 164 
where f is the fraction of solid-liquid contact area. 165 
The above analysis proves that the contact angles obtained in both Wenzel and Cassie-Baxter 166 
states are highly related to the height and horizontal feature of surface topography. Six surface 167 
characterization parameters that most probably correlated with the hydrophobicity of specimens are 168 
listed in Table 1. Sa, Sz and Sku are roughness parameters to characterize height of the surface. Sdr, 169 
Sdq, Rhy are hybrid parameters which determined from both height and horizontal parameters of 170 
surface. For a rough surface, Sdr means the additional surface area contributed by the texture as 171 
compared to the planar definition area. Therefore, 1+Sdr has the same meaning with roughness 172 
factor r in the Wenzel state.  173 
Theoretical analysis proved that microstructures should have a high aspect ratio to provide a 174 
larger surface area and a smaller separation distance which will help to improve the stabilization of 175 
the solidȮliquidȮair composite interface [31]. However, present functional cannot reflect the aspect 176 
ratio of surface asperities. Hence, Rhy is proposed for the first time as a dimensionless functional 177 
parameter in this research and defined as the average ȱȱ£ȱȱǯȱȱȱȃhyȄȱȱȱ178 
short abbreviation of hydrophobicity. The Rhy is calculated from the average value of 60 lines that 179 
evenly distributed on the structured surface horizontally and vertically. A surface with large Rhy can 180 
be obtained from a large Rz or smaller Rsm, which means the features of the surface should have a 181 
large depth or smaller separation distance (i. e. high density) in the horizontal direction. 182 
Table 1. Product fingerprint candidates. 183 
Name Symbol Meaning 
Arithmetical mean 
height 
Sa The difference in height of each point compared to the 
arithmetical mean of the surface. 
Maximum height Sz The sum of the largest peak height value and the largest pit 
depth value within the defined area. 
Kurtosis Sku A measure of the sharpness of the roughness profile. 
Sku<3: Height distribution is skewed above the mean plane. 
Sku=3: Height distribution is normal. (Sharp portions and 
indented portions co-exist.) 
Sku>3: Height distribution is spiked. 
Developed 
interfacial area 
ratio 
Sdr The percentage of the definition area's additional surface 
area contributed by the texture as compared to the planar 
definition area. 
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Root mean square 
gradient 
Sdq Root mean square of slopes at all points in the definition 
area. When a surface has any slope, its Sdq value becomes 
larger. 
Average ratio of Rz 
to Rsm 
Rhy Average ratio of maximum height of profile (Rz) and mean 
width of the profile elements (RSm) 
 184 
3. Experimental details 185 
Laser machining experiments were carried out on AISI 316L stainless steel by varying the 186 
ȱ ȱ ȱ ȱ ȱ ¢ȱ ȱ ȱ ȱ ȱ ȱ ęǯȱ ȱ ȱ187 
experiments were carried out on a hybrid ultra-precision machine as shown in Figure 3. It is 188 
equipped with a nanosecond pulsed fiber laser which has a central emission wavelength of 1064 nm. 189 
The laser source has a nominal average output power of 20 W and its maximum pulse repetition rate 190 
is 200 kHz. For a pulse repetition rate of 20 kHz, the average pulse duration is 100 ns and pulse 191 
energy is 1 mJ. The laser machining parameters are listed in Table 2 and 3. After the laser ablation 192 
process, the specimens were cleaned ultrasonically with deionized water, acetone and ethanol 193 
successively. Then the prepared specimens were silanized in a vacuum oven using silane reagent 194 
(1H, 1H, 2H, 2H-Perfluorooctyltriethoxysilane, 97%, Alfa Aesar Ltd), at 100ć for 12 hours to reduce 195 
their surface free energies. 196 
 197 
Figure 3. Experimental setup for laser machining trials. 198 
Table 2. The laser machining parameters with varied laser power and pitch. 199 
ȱǻ“gǼ Laser power 
(W) 
Pulse 
repetition rate 
Feed rate 
(mm/min) 
Exposure 
time (s) 
Pattern types 
90 4,6,10,14,20 100K 200 0.4 Gaussian holes 
110 4,6,10,14,20 100K 200 0.4 Gaussian holes 
130 4,6,10,14,20 100K 200 0.4 Gaussian holes 
150 4,6,10,14,20 100K 200 0.4 Gaussian holes 
Table 3. The laser machining parameters with varied exposure time and pitch. 200 
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Pitch 
ǻ“gǼ 
Laser 
power (W) 
Pulse repetition 
rate 
Feed rate 
(mm/min) 
Exposure time 
(s) 
Pattern types 
70 20 100K 200 0.2,0.4,0.6,1 Gaussian holes 
90 20 100K 200 0.2,0.4,0.6,1 Gaussian holes 
110 20 100K 200 0.2,0.4,0.6,1 Gaussian holes 
130 20 100K 200 0.2,0.4,0.6,1 Gaussian holes 
150 20 100K 200 0.2,0.4,0.6,1 Gaussian holes 
The surface topography and varied surface characterization parameters of the laser structured 201 
surface were measured by a 3D laser scanning confocal microscope (VK-250, Keyence). The static 202 
contact angle on surfaces was measured by a drop shape analyzer (Kruss Ltd.). The selected water 203 
droplet volume was 5 “gǯȱȱȱǰȱȱcontact angle of the water droplet was measured 204 
three times and the average value was adopted. 205 
4. Results and Discussion 206 
4.1 Analysis of product fingerprint: Sa, Sz, Sku, Sdr, Sdq, Rhy 207 
ȱ ȱȱ ¡ȱ ȱ ȱ ȱȱ ȱ ¢ȱ ȱȱęȱ208 
from six candidates related to surface topography. The product fingerprint is the indicator that has 209 
the highest level of correlation to contact angle. In this research, Spearman rank correlation 210 
coefficient and Kendall rank correlation coefficient were employed to determine the product 211 
ęǯȱȱȱȱȱȱ ȱȱȱȱ ȱ ȱ212 
variables can be defined by a monotonic function. It measures the strength and direction of 213 
monotonic association between two variables, a perfect Spȱ ȱ ȱ Ƹŗȱ ȱ ƺŗȱ ȱ214 
when each variable is a perfect monotone function of the other [32]. A positive Spearman correlation 215 
coefficient corresponds to an increasing monotonic trend between two variables, while a negative 216 
value means a decreasing monotonic trend. In addition, Spearman rank correlation coefficient is 217 
appropriate for data that is not normally distributed. It can be used to identify a non-linear 218 
correlation between two variables. Kendall rank correlation coefficient is a statistic used to measure 219 
the ordinal association between two variables [33]. However, unlike Spearman coefficient, Kendall 220 
rank correlation coefficient only considers directional agreement while does not consider the 221 
difference between ranks. Therefore, this coefficient is more appropriate for discrete data. This 222 
coefficient returns a value of -1 to 1, where 0 is no correlation, 1 is a perfect positive correlation, and 223 
-1 is a perfect negative correlation. In most cases, the interpretations of Spearman and Kendall rank 224 
correlation coefficients are very similar and thus invariably lead to the same inferences. The above 225 
two coefficients were combined to determine the product fingerprint that has the maximum absolute 226 
value. The strength of the correlation between the variables can be evaluated by the absolute value 227 
of coefficients as shown in Table 4. 228 
Table 4. Interpretation of the strength of correlation coefficient. 229 
Value of 
Coefficient 
Correlation type 
1 Perfect correlation 
0.81-0.99 Strong correlation 
0.71 - 0.80 Good correlation 
0.51- 0.70 Weak correlation 
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0.01 - 0.50 Poor correlation 
0 No correlation 
Figure 4 shows scatter plots between contact angle and the six candidates of product 230 
ęǯȱȱ ȱ ȱ ȱ ǰȱ £ǰȱ ǰȱ  and Rhy, the contact angle shows an increasing 231 
trend. It should be noted that a good linear relationship appears between Sz and contact angle, 232 
which is similar to the Ȃ previous study [15]. However, it can be observed that there is no 233 
apparent correlation between Sku and contact angle (Figure 4 (c)). As shown in Figure 4 (d), 234 
increasing Sdr from 0.02 to 4.1 leads to contact angle increase rapidly from 89.5° to 159°, but it has a 235 
minor impact on the contact angle when Sdr was further increased from 4.1 to 9.8. As Figure 4 (f) 236 
indicates, the contact angle increases gradually from 89.5° to 164° with the value of Rhy increasing 237 
from 0.06 to 0.94.  238 
 239 
(a)                            (b) 240 
 241 
(c)                                   (d) 242 
  243 
  (e)                                   (f) 244 
0 5 10 15 20 25
80
100
120
140
160
180
C
o
n
ta
ct
 a
n
g
le
 (
q)
Sa Pm)
0 20 40 60 80 100 120 140 160 180 200
80
100
120
140
160
180
C
o
n
ta
ct
 a
n
g
le
 (
q)
Sz (Pm)
0 5 10 15 20 25 30
80
100
120
140
160
180
C
o
n
ta
ct
 a
n
g
le
 (
q)
Sku
0 2 4 6 8 10
80
100
120
140
160
180
C
o
n
ta
ct
 a
n
g
le
 (
q)
Sdr
0 1 2 3 4 5 6
80
100
120
140
160
180
C
o
n
ta
ct
 a
n
g
le
 (
q)
Sdq
0.0 0.2 0.4 0.6 0.8 1.0
80
100
120
140
160
180
C
o
n
ta
ct
 a
n
g
le
 (
q)
Rhy
Micromachines 2019, 10, x FOR PEER REVIEW 9 of 17 
 
Figure 4. Influence of the product fingerprint candidates on the contact angle for Gaussian hole 245 
pattern: (a) Sa; (b) Sz; (c) Sku; (d) Sdr; (e) Sdq; (f) Rhy. 246 
Figure 5 shows the variation of Spearman and Kendall rank correlation coefficient between 247 
contact angle and candidates of product fingerprint. According to the criterion in Table 4, Sz and Rhy 248 
both have larger Spearman rank correlation coefficients with contact angle, which are 0.89 and 0.92 249 
respectively. And the Kendall rank correlation coefficient among Sz, Rhy and contact angle are 0.74 250 
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Figure 5. Spearman and Kendall rank correlation coefficient between contact angle and six 254 
candidates of product fingerprint. 255 
According to the results in Figure 4 (f), an empirical equation was deduced to correlate the 256 
experimental Rhy and contact angle. The equation is expressed as˖ 257 ߠ஺ ൌ ܽ െ ܾ כ ௖כୖ౞౯                              (10) 258 
where, ߠ஺ is contact angle; a, b and c are constant values, equal to 164, 105 and -4.9 respectively. 259 
 As shown in Figure 6 (a), the regression curve has good precision to simulate the experimental 260 
ǯȱȱ ȱȱȱȃaȄȱȱ ȱ¡ȱȱ ȱ (164° in this research), the 261 
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modification. Thus, contact angle of specimen is highly related to its maximum contact angle, initial 263 
contact angle on a smooth surface and hydrophobicity functional parameter Rhy. According to 264 
Equation (10), the value of Rhy is 0.41 when ߠ஺=150. Thus, 0.41 can be regarded as the threshold value 265 
of Rhy that ensure water contact angle of specimen higher than 150°. 266 
The dimensionless ratio Rhy is the most sensitive candidate parameter for contact angle of the 267 
specimen, which can therefore, be regarded as product fingerprint. In literature, many studies 268 
proved that a high density of microstructures and smaller period of microstructure will help 269 
decrease solid-liquid contact area and increase its hydrophobicity [34,35]. With the increase of Rhy 270 
ȱŖǯŗřŞȱȱŖǯşŚřȱǻȱŜȱǻǼǼǰȱȱȱȱŗřŝǯŖȱ“gȱȱŞŗǯŞȱ“gǯȱrefore, the density of 271 
peaks shows a significant increasing trend. Moreover, the depth of microstructures shows an 272 
ȱ ȱ ȱ ȱ ȱ £ȱ ȱ ȱ ŗŞǯşȱ “gȱ ȱ ŝŝǯŘȱ “g. Therefore, it can be 273 
concluded that the superhydrophobicity will benefit from the increase of Rhy. 274 
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Figure 6. (a) Fitted line by exponential function between Rhy and contact angle; (b) Surface 279 
morphology and shape of water drops on specimens with different value of Rhy. 280 
4.2 Analysis of process fingerprints: P, t and Is 281 
The above section proves that Rhy is the most appropriate product fingerprint to the laser 282 
ablated superhydrophobic structures on 316L stainless steel. In this section, further analysis of the 283 
experimental results will be performeȱȱ¢ȱȱȱȱęȱȱȱȱǰȱ284 
t and Is, i.e. the process fingerprint which has the strongest correlation with Rhy. The control of 285 
process fingerprints helps to choose appropriate process parameter to obtain surface with Rhy greater 286 
than the threshold value (Rhy>0.41). The correlation among laser power, pitch of Gaussian hole and 287 
Rhy is shown in Figure 7. It shows that higher laser power and smaller pitch lead to a higher value of 288 
Rhy. Laser power and pitch of structures have combined effects on the value of Rhy. 289 
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Figure 7. 3D colormap of the product fingerprint (Rhy) as a function of laser power and pitch of 291 
Gaussian hole. 292 
The effect of exposure time t and pitch of Gaussian holes on the value of Rhy is presented in 293 
Figure 8. There is no significant linear correlation between exposure time and Rhy, but it does not 294 
mean exposure time has no effect on Rhy. As a whole, it can be found that the value of Rhy shows a 295 
significant increasing trend with the reduction of pitch ȱŗśŖȱ“gȱȱŝŖȱ“gǯ 296 
 297 
Figure 8. 3D colormap of the product fingerprint (Rhy) as a function of exposure time and pitch of 298 
Gaussian holes. 299 
The above analysis shows that laser power, pitch and exposure time have a collective influence 300 
on Rhy. Focusing one of them and ignoring the other two would lead to the determined correlation 301 
only effective in certain partial conditions. For instance, the Rhy will increase with laser power but 302 
only valid at a precondition of constant pitch and exposure time. Therefore, a comprehensive factor 303 
Is was designed to represent the combined influence of laser power, pitch and exposure time. Is 304 
means the energy intensity that irradiated on the unit area of specimen and can be calculated by the 305 
Equation (5). Is is proportional to the laser power P and the exposure time t, but inversely 306 
proportional to the square of pitch of microstructures. Figure 9 reveals that the increasing Is leads Rhy 307 
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increase rapidly at first, and then level off to become asymptotic to the upper limit. The presence of 308 
upper limit means the further increased laser power, exposure time and smaller pitch cannot lead to 309 
a further increase of Rhy. The correlation between Is and Rhy can be expressed as Equation (11). 310 
According to the calculation result, Is should be greater than 536 J/mm2 to ensure Rhy greater than 311 
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Figure 9. Scatter plots and fitted curve of Rhy and Is. 315 
Therefore, the increased Is leads to rapidly increase of Rhy, the correlation between Rhy can be 316 
described by the exponential function. Is is the most sensitive parameters among the investigated 317 
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surface morphology, especially the product fingerprint Rhy. 319 
4.3 Correlation between laser machining parameters and Contact angle 320 
As shown in Figure 10, 3D colormaps are used to display the relationship between laser power, 321 
exposure time, pitch of structures and contact angle. To sum up, the greater contact angle benefit 322 
from larger laser power and smaller pitch of microstructures except for some outliers. 323 
 324 
(a) 325 
0 1000 2000 3000 4000
0.0
0.2
0.4
0.6
0.8
1.0
R
h
y
Is (J/mm
2)
Micromachines 2019, 10, x FOR PEER REVIEW 13 of 17 
 
 326 
 (b) 327 
Figure 10. (a) 3D colormap of the contact angle as a function of laser power and pitch of 328 
microstructures; (b) 3D colormap of the contact angle as a function of exposure time and pitch of 329 
microstructures. 330 
Figure 11 (a) shows the scatter diagram and fitted curve between contact angle and Is. The 331 
increasing Is results in a rapid increase of contact angle at first, and then level off to become 332 
asymptotic to the upper limit when Is greater than 1000 J/mm2. The empirical correlation between 333 
contact angle and Is can be expressed by Equation (12). When the value of Rhy equals to the threshold 334 
value of 0.41, the corresponding Is is 516.6 J/mm2, which is very close to the value of 536 J/mm2 obtain 335 
from Equation (11). Therefore, Is should be larger than 536 J/mm2 in the laser ablation process, which 336 
help ensure the contact angle larger than 150°.  337 ߠ஺ ൌ ܽ െ ܾ כ ୢכூೞ                               (12) 338 
where, ߠ஺ is contact angle, a=164, b=105, d=-0.0039. Coefficients of a and b have same meaning with 339 
Equation (10). 340 
The surface morphology and shape of water drops on specimens with different value of Is are 341 
shown in Figure 11 (b). With the increase of Is, the depth and density of structures show a significant 342 
increasing trend. Thus, the surface topography and contact angle can be well controlled by choosing 343 
the appropriate process parameter Is. 344 
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Figure 11. (a) Scatter plot and fitted curve between contact angle and Is; (b) Surface morphology and 349 
shape of water drops on specimens with different value of Is. 350 
5. Conclusions 351 
In this study, the concepts of product and process fingerprint are put forward for the first time 352 
to reveal the correlations among process parameters, surface topography and functional 353 
performance i.e. contact angle of laser ablated superhydrophobic surface on 316L stainless steel. The 354 
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rank correlation coefficients. Then, the candidate that was most sensitive to product fingerprint was 356 
determined as the best process fingerprint. Lastly, the correlation between process fingerprint and 357 
functional performance was developed. The conclusions can be drawn as follows: 358 
1. The dimensionless surface functional characterization parameter, i.e. the average ratio of Rz 359 
to Rsm (Rhy) is the most sensitive parameter to contact angle of specimen, which can be regarded as 360 
the product fingerprint. 361 
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2. Laser pulse energy per unit area on specimen (Is) represents the combining effect of laser 362 
power, exposure ȱȱȱȱȱȱȱ¢ǯȱȱȱȱȱȱęȱ363 
that can be used to control the product fingerprint Rhy. 364 
3. The increasing Is leads to value of Rhy increase rapidly at first, and then level off to become 365 
asymptotic to the upper limit. A similar trend also can be found between Is - contact angle and Rhy - 366 
contact angle. The threshold value of Rhy and Is are 0.41 and 536 J/mm2 respectively, which help to 367 
ensure the superhydrophobicity (contact angle larger than 150°) of specimen in the laser ablation 368 
process. 369 
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